The synthesis of selenocysteine, the 21st amino acid, occurs on its transfer RNA (tRNA), tRNA Sec . tRNA Sec is initially aminoacylated with serine by seryl-tRNA synthetase and the resulting seryl moiety is converted to phosphoserine by O-phosphoseryl-tRNA kinase (PSTK) in eukaryotes. The selenium donor, selenophosphate is synthesized from selenide and ATP by selenophosphate synthetase. Selenocysteinyl-tRNA synthase (Sep-SecS) then uses the O-phosphoseryl-tRNA Sec and selenophosphate to form Sec-tRNA Sec in eukaryotes. Here, we report the characterization of selenocysteinyl-tRNA synthase from Leishmania donovani. Kinetoplastid SepSecS enzymes are phylogenetically closer to worm SepSecS. LdSepSecS was found to exist as a tetramer. Leishmania SepSecS enzyme was found to be active and able to complement the ⌬selA deletion in Escherichia coli JS1 strain only in the presence of archaeal PSTK, indicating the conserved nature of the PSTK-SepSecS pathway. LdSepSecS was found to localize in the cytoplasm of the parasite. Gene deletion studies indicate that Leishmania SepSecS is dispensable for the parasite survival. The parasite was found to encode three selenoproteins, which were only expressed in the presence of SepSecS. Selenoproteins of L. donovani are not required for the growth of the promastigotes. Auranofin, a known inhibitor of selenoprotein synthesis showed the same sensitivity toward the wild-type and null mutants suggesting its effect is not through binding to selenoproteins. The three-dimensional structural comparison indicates that human and Leishmania homologs are structurally highly similar but their association modes leading to tetramerization seem different.
Selenocysteine (Sec) 4 is the 21st amino acid in the genetic code and contains selenium. It is co-translationally inserted into selenoproteins (selenium-containing proteins) in response to the UGA codon in mRNA (1) . Selenoproteins are found in each of the three domains of life: prokaryotes, archaea, and eukaryotes but are absent in yeast and higher plants. Selenoproteomes have been reported to exist in kinetoplastids, apicomplexan parasites, insects, nematodes etc. (2) . The human genome codes for 25 selenoproteins. Selenoproteins such as glutathione peroxidases and thioredoxin reductases have biological functions in oxidoreductions, redox signaling, and antioxidant defense (3) .
Selenoprotein biosynthesis requires two specialized metabolic pathways: one that incorporates Sec into proteins and the other that synthesizes Sec. The Sec insertion machinery has the capability to distinguish between the UGA for amino acid incorporation or termination. This is due to the presence of a stem-loop structure in the 3Ј-untranslated region of selenoprotein mRNA in eukaryotes known as the Sec insertion sequence (SECIS) element. The distance between the Sec UGA codon and the SECIS element plays an essential role in this distinction. SECIS binding protein 2 (SBP2) binds to the SECIS element and forms a complex with the specific elongation factor, EF Sec , for incorporation of Sec into the selenoprotein (1, 4) . UGA recoding in higher organisms requires additional factors like SECp43, which was found to associate with the Sec-tRNA Sec ⅐EF sec complex in vitro and also enhance the interaction between EF sec and SBP2 in vivo (5) .
Sec synthesis occurs on its transfer RNA (tRNA), designated tRNA Sec . The bacterial Sec synthesis system is different from that of archaea and eukaryotes (1, 4) . In bacteria following the serylation of tRNA Sec , its direct transformation to Sec-tRNA Sec occurs by SelA ( Fig. 1 ). However, archaea and eukaryotes have an additional step to form Sec-tRNA Sec . tRNA Sec is initially aminoacylated with serine by seryl-tRNA synthetase and the resulting seryl moiety is converted to phosphoserine by O-phosphoseryl-tRNA kinase (PSTK) in eukaryotes. This phosphorylation step is absent in bacteria. The selenium donor, selenophosphate is synthesized from selenide and ATP by selenophosphate synthetase in eukaryotes and SelD in bacteria (1, 4) . Selenocysteinyl-tRNA synthase (SepSecS) then uses the O-phosphoseryl-tRNA Sec and selenophosphate to form Sec-tRNA Sec in eukaryotes ( Fig. 1) .
SepSecS in mammals was originally identified as the soluble liver antigen (SLA), the target of autoantibodies from patients with a severe form of autoimmune chronic hepatitis. SLA was found to interact with SECp43 and tRNA Sec (4) . Concrete evidence that SLA is eukaryotic SepSecS emerged when it was found to convert O-phosphoseryl-tRNA Sec into Sec-tRNA Sec (6, 7) . SepSecS is a member of the Fold Type I PLP enzyme family (8) . Two SepSecS monomers interact to build together two identical active sites around PLP in a Schiff-base linkage with lysine 284. The N terminus mediates tetramer formation such that two SepSecS dimers further associate to form a homo-tetramer (4) . The structural and mechanistic insights of SepSecS action have been deciphered in eukaryotes (4, 8, 9) . Two mechanisms have been proposed that ensure that SepSecS does not act on free O-phospho-L-serine. tRNA binding has been reported to induce a conformational change in the active site of the enzyme that does not allow reaction with free phosphoserine (9) and an active site insertion is observed to contribute to PLP binding and positions a glutamate next to PLP where it repels free O-phospho-L-serine (4) .
The presence of selenoprotein and selenocysteine biosynthetic pathways has been reported in trypanosomes (10 -13) . A survey of the Leishmania genome using the known selenoproteins as a search tool led to the identification of genes for glutathione peroxidase, selenoprotein R, and a selenoprotein SPS2 homolog (11) . It was further reported that these selenoprotein homologs in Leishmania possess a Cys (UGU or UGC) residue at the equivalent position of Sec (UGA) (11) . It was postulated that these homologs in Leishmania have evolved into nonselenium-containing proteins consistent with the loss of an identifiable SECIS element in their sequence (11) . However, in another study, in silico analysis of the genomes of Trypanosoma and Leishmania for the occurrence of homologs of known selenoprotein genes, led to the identification of SelK and SelT, as well as a novel multidomain selenoprotein designated SelTryp (12) . In silico subcellular localization prediction tools suggested a mitochondrial localization for SelTryp and SelT was found to have a potential export signal (12) . Kinetoplastida SelK was found to have a predicted transmembrane motif (12) .
In mammals, SelK associates with proteins involved in the elimination of misfolded proteins from the endoplasmic retic-ulum (14) . SelK has been found to promote effective Ca 2ϩ flux during immune cell activation. It is also a target of calpain proteases that are involved in regulation of inflammation and immune response (14) . Selenoprotein T in mammals is involved in the regulation of Ca 2ϩ homeostasis and neuroendocrine secretion in response to a cAMP-stimulating trophic factor (15) . It also plays a role in cell adhesion (16) . The functions of SelK and SelT in kinetoplastids need to be experimentally deciphered. SelTryp ORF has Sec present in the conserved C-terminal peptide region, SI(V)I(V)-CI(V)SUPR (U is Sec). This C-terminal location is common to eukaryotic selenoproteins (e.g. thioredoxin reductase, SelK, SelS, and SelO) (12) . In SelTryp, Sec is present within a CXXU motif, which is often found in selenoproteins that carry out redox function through reversible formation of a selenenylsulfide bond. This observation suggests a redox function for the CXXU motif in SelTryp (12) .
Our earlier comprehensive bioinformatics analysis of the Leishmania genome led to the identification of an enzyme with SepSecS-like domains (17) . Our in silico analysis showed that kinetoplastid SepSecS enzymes are phylogenetically closer to worm SepSecS, whereas the metazoan enzymes are closer to fly and viridiplantae/algae SepSecS enzymes. In the present study, we for the first time report that Leishmania encodes an active selenocysteinyl-tRNA synthase, which is dependent on the action of PSTK enzyme in the Sec insertion pathway. Gene deletion studies indicate that Leishmania SepSecS is dispensable for the survival of the parasite. The parasite was found to encode three selenoproteins, which were expressed only in the presence of SepSecS enzyme. Auranofin, a known inhibitor of selenoprotein synthesis showed the same sensitivity toward the wild-type and null mutant suggesting its effect in Leishmania donovani is not through binding to selenoproteins.
Experimental Procedures
Materials-All restriction enzymes and DNA modifying enzymes were obtained from New England Biolabs. Paromomycin, hygromycin, and zeocin were obtained from Sigma. Plasmid pET-30a was obtained from Novagen. Escherichia coli DH10␤ and BL21(DE3) were used as the host for plasmid cloning and protein expression, respectively. E. coli ⌬selA deletion strain, plasmids harboring Methanocaldococcus jannaschii SepSecS, and PSTK genes were kind gifts from Dr. Dieter Söll (Yale University, New Haven, CT). Chromosomal DNA from L. donovani (Bob) was used to amplify the SepSecS DNA sequence. Nickel-nitrilotriacetic acid-agarose was purchased from Qiagen. DNA and protein markers were acquired from New England Biolabs. Auranofin was obtained from Sigma. Selenium 75 was obtained from the Board of Radiation and Isotope Technology (BRIT), Department of Atomic Energy, India. Other materials used in this study were of analytical grade and were commercially available.
Strains and Culture Conditions-L. donovani Bob (LdBob strain/MHOM/SD/62/1SCL2D) was originally obtained from Dr. Stephen Beverley (Washington University, St. Louis, MO). Wild-type promastigotes were cultured at 22°C in M199 medium (Sigma) supplemented with 100 units/ml of penicillin (Sigma), 100 g/ml of streptomycin (Sigma), and 5% heat inactivated fetal bovine serum (Gibco). Wild-type (WT) parasites were routinely cultured in media with no drug supplementations, whereas the genetically manipulated SepSecS heterozygotes (SepSecS/HYG, SepSecS/NEO) and null mutants (⌬SepSecS) were maintained in either 200 g/ml of hygromycin or 300 g/ml of paromomycin or both, respectively. The "addback" line ⌬SepSecS/ϩ was grown in 800 g/ml of zeocin, 200 g/ml of hygromycin, and 300 g/ml of paromomycin. For characterizing the mutant parasites phenotypically, cells were subcultured without selection marker prior to experiments. The mouse monocyte macrophage-like cell line J774.A1 obtained from ATCC was cultured in RPMI 1640 (Sigma) supplemented with 10% FBS and 100 units/ml of penicillin and 100 g/ml of streptomycin at 37°C with 5% CO 2 .
Sequence and Phylogenetic Analysis-SepSecS sequences retrieved from tritrypDB (18) , Swissprot/UniprotKB (19, 20) , and PlasmoDB (21) were used for multiple sequence alignment. Multiple sequence alignment of these sequences was generated using CLUSTALW (22) using default parameters and used as seed alignment for phylogenetic tree generation using the Jones-Taylor-Thornton model (23) . MEGA version 5.0 (24) was used for both analysis and visualization of phylogenetic tree.
Model Building and Validation-Comparative structural model of Leishmania infantum SepSecS was built using MODELLER version 9.0 (25) . The model was energy minimized using AMBER96 force field in GROMACS (26) . Stereochemical quality of the model was verified using PROCHECK in the PDBSUM web resource at EBI (27) . Structural comparison of the model with human homolog and structural mapping of the active site residues was performed using PyMOL (28) .
Expression and Purification of Recombinant LdSepSecS
Protein-The gene for LdSepSecS (LdBPK_091000.1) was amplified by PCR using forward primer with a flanking BamHI site (5Ј-TTTTGGATCCATGGATGATCGCTCGCT-AAAACT-3Ј) and reverse primer with a flanking HindIII site (5Ј-TTTTAAGCTTTCATGCGGGAACAGGCCACAG-3Ј) from L. donovani genomic DNA. The 1788-bp amplification product encompassing the entire LdSepSecS open reading frame (ORF) was cloned into pET30a vector (Novagen) using BamHI and HindIII restriction sites. This construct containing a His 6 tag at the N terminus was transformed into the E. coli BL21(DE3) strain (Novagen). Protein expression was induced with 1 mM isopropyl ␤-D-thiogalactopyranoside at 25°C for 6 h. Bacteria were then harvested by centrifugation at 5000 ϫ g for 10 min and the cell pellet was suspended in lysis buffer (50 mM Tris-Cl, pH 7.4, 10 mM imidazole, 300 mM sodium chloride, 0.1% Triton X-100, 5 mM ␤-mercaptoethanol, 10% glycerol, 2 mM phenylmethylsulfonyl fluoride and protease inhibitor mixture). Protein was purified using Ni 2ϩ -nitrilotriacetic acid-agarose resin (Qiagen) by eluting with increasing concentrations of imidazole. Purified protein was found to be Ͼ95% pure as judged by SDS-PAGE.
Antibody Production and Western Blot Analysis-Purified recombinant LdSepSecS protein (50 g) was subcutaneously injected in mice using Freund's complete adjuvant (Sigma), followed by three booster doses of the recombinant protein (20 g) in Freund's incomplete adjuvant (Sigma), at 2-week intervals. The mice were sacrificed after the last booster and serum was collected for Western blot analysis. Early log phase wildtype and genetically manipulated promastigotes were harvested and the resultant cell pellets re-suspended in lysis buffer (10 mM Tris-Cl, pH 8.0, 5 mM DTT, 10 mM NaCl, 1.5 mM MgCl 2 , 0.1 mM EDTA, 0.5% Triton X-100, 0.3 mM phenylmethylsulfonyl fluoride (PMSF). The cell pellets were lysed by freeze-thaw cycles and sonication on ice followed by centrifugation at 20,000 ϫ g. For recombinant LdSepSecS protein, 30 g of the total soluble promastigote cell extracts were fractionated on a 10% SDS-PAGE gel and blotted onto nitrocellulose membrane using electrophoretic transfer cell (Bio-Rad). After blocking with 5% skimmed milk, the membrane was incubated for 2 h at room temperature with anti-LdSepSecS antibody (1:1000) generated in mice as described above. In the case of only recombinant protein, incubation was done with anti-His tag antibody (Cell Signaling Technology number 2365) (1:3000). The membrane was then washed with phosphate-buffered saline (PBS) containing 0.05% Tween 20 (PBS-T) and incubated with horseradish peroxidase (HRP)-conjugated anti-mouse antibody (Cell Signaling Technology number 7076S) (1:5000). The blot was developed using 3,3Ј-diaminobenzidine (DAB) tablets (Sigma) or ECL kit (Amersham Biosciences) according to the manufacturer's protocol.
Glutaraldehyde Cross-linking Studies-50 g of rLdSepSecS in 50 mM phosphate buffer (pH 7.6) was treated with 2 l of 5% freshly prepared glutaraldehyde solution for 30 s, 2 min, and 10 min, respectively, at 37°C. The reaction was terminated by addition of 10 l of 1 M Tris-HCl (pH 8.0). Cross-linked protein samples were mixed with loading buffer containing 100 mM Tris-HCl (pH 6.8), 0.4% SDS, 20% glycerol, 0.001% bromphenol blue, 10% ␤-mercaptoethanol and subsequently analyzed on a 6% SDS-PAGE gel.
In Vivo SepSecS Assay-LdSepSecS and M. jannaschii Sep-SecS (MjSepSecS) genes were individually transformed into E. coli ⌬selA deletion strain JS1, with or without the M. jannaschii PSTK gene. Aerobic overnight cultures were streaked on LB agar plates supplemented with 0.5% glucose and 0.01 mM isopropyl ␤-D-thiogalactopyranoside. The transformants were then grown anaerobically at 37°C. After growth, the plates were removed from the anaerobic jar and immediately overlaid with 0.75% top agar (containing 1 mg/ml of benzyl viologen, 0.25 M sodium formate, and 25 mM KH 2 PO 4 , pH 7.0). The appearance of the blue/purple color is an indication of active FDH H (10) .
Immunofluorescence Microscopy-L. donovani promastigotes were incubated with 1 nM MitoTracker Red CMXRos (Molecular Probes) diluted in M199 medium for 20 min. The cells were then washed with PBS and immobilized on poly-Llysine-coated coverslips. Cells were fixed with 4% paraformaldehyde for 20 min, washed, and permeabilized in PBS, 0.5% Triton X-100. Subsequently, cells were incubated for 30 min in PBS containing 1% BSA. After blocking, cells were incubated with anti-LdSepSecS mouse polyclonal antibody (1:1000) for 2 h at room temperature. Cells were washed and incubated for 45 min at room temperature with Alexa 488-conjugated goat anti-mouse IgG antibody (Thermo Fisher Scientific number A-11017), diluted to 1:1000. The cellular DNA was then stained with 1 g/ml of DAPI (Sigma) for 15 min. The coverslips were mounted on glass slides and the parasites were visualized under the confocal laser scanning microscope (Olympus FluoView TM FV1000 with objective lenses PLAPON 60ϫ O, NA-1.42) at the required fluorescence excitation and emission wavelengths. The raw images were processed using FV10-ASW 1.7 viewer or ImageJ software. Colocalization analysis was done using JACoP (ImageJ).
Molecular Constructs for the Replacement of SepSecS Alleles-For inactivation of the LdSepSecS gene, a targeted gene replacement strategy based on PCR fusion was employed (29) . Briefly, SepSecS gene flanking regions were amplified and fused using PCR to the hygromycin phosphotransferase gene (HYG) or neomycin phosphotransferase gene (NEO). The 5Ј-UTR (628 bp) of the LdSepSecS gene was obtained by PCR amplification with primers A and B Hyg or primers A and B Neo ( Table  1 ). The NEO gene was amplified from pX63-NEO with primers C Neo and D Neo . The HYG gene was amplified from pX63-HYG with primers C Hyg and D Hyg ( Table 1 ). The 3Ј-UTR (644 bp) of the LdSepSecS gene was obtained from L. donovani wild-type genomic DNA by PCR amplification using primers E Hyg /E Neo and reverse primer F ( Table 1 ). The 5Ј-UTR of the L. donovani SepSecS gene was then ligated to either of the antibiotic resistance marker genes by PCR using primers A and D Hyg or A and D Neo . This fragment (5Ј-UTR marker gene) was then fused with 3Ј-UTR using primers A and F, yielding fragments, 5ЈUTR-Hyg-3ЈUTR or 5ЈUTR-Neo-3Ј-UTR.
To generate episomal complementation construct, the fulllength SepSecS coding sequence was amplified with a forward primer harboring the XbaI site (primer G) and reverse primer with the HindIII site (primer H) ( Table 1 ). This amplified product was then cloned in pSP72␣-zeo-␣ vector to get the pSP72␣zeo-␣-SepSecS complementation construct. All fragments and constructs were sequenced for confirmation.
Generation of Genetically Manipulated Parasites-After PCR amplification and purification, ϳ2 g of linear replacement cassette fragments 5ЈUTR-Hyg-3ЈUTR or 5ЈUTR-Neo-3ЈUTR were individually transfected by electroporation in wild-type L. donovani promastigotes (30) . Depending on the marker gene, transfectants were subjected to antibiotic selection. Cells resistant to antibiotic selection were subjected to a PCR-based analysis to check for the correct integration of the replacement cassettes using the primers shown in Table 2 . Thereafter, a second round of transfection was initiated to knock out the other copy of the SepSecS gene. The genotypes of the mutants were confirmed by Southern analysis using standard protocols (31) . The add-back line ⌬SepSecS/ϩ was created by transfecting the ⌬SepSecS null mutant parasites with the pSP72␣-zeo-␣-SepSecS episome and its generation was confirmed by PCR (data not shown) and Western blot analysis.
Growth and Infectivity Assay-Growth rate experiments were conducted by inoculating stationary phase parasites at a density of 1 ϫ 10 6 cells/ml in M199 medium with 5% FBS in 25-cm 2 flasks without the respective selection drug at 22°C. Growth rate of each culture was determined at 24-h intervals using a Neubauer hemocytometer. Growth studies with individual cell lines were done at least three times and similar results were consistently obtained.
J774.A1 murine macrophage cell line was plated at a density of 5 ϫ 10 5 cell/well in a 6-well flat bottom plate. The adherent cells were infected with stationary-phase promastigotes, at a ratio of 20:1 for 5 h. Excess non-adherent promastigotes were removed by incubation of the cells for 30 s in PBS. These were subsequently maintained in RPMI1640 containing 10% FBS at 
37°C with 5% CO 2 . Giemsa staining was performed to visualize intracellular parasite load. Auranofin Inhibition Studies-To determine the auranofin susceptibility profile of L. donovani wild-type and mutant promastigotes, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma) assay was performed as described previously (32) . Briefly, log-phase promastigotes (5 ϫ10 4 cells/ well) were seeded in a 96-well flat-bottomed plate (Nunc) and incubated with different drug concentrations at 22°C. Because auranofin was dissolved in dimethyl sulfoxide, a sample without auranofin but with an identical volume of dimethyl sulfoxide served as an additional control. After 72 h of incubation, 10 l of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (5 mg/ml) was added to each well and the plates were incubated at 37°C for 3 h. The reaction was stopped by the addition of 50 l of 50% isopropyl alcohol and 20% SDS followed by gentle shaking at 37°C for 30 min to 1 h. Absorbance was measured at 570 nm in a microplate reader (SpectraMax M2 from Molecular Devices). The susceptibility of wild-type and mutant promastigotes to different concentrations of H 2 O 2 was also determined after 24 h of exposure as described above. The susceptibility of wild-type and mutant amastigotes to auranofin was determined by visualization of intracellular parasite load using Giemsa staining of the infected J774.A1 murine macrophages, 24 h after treatment with different concentrations of the drug.
75
Selenium Labeling-A total of 5 ϫ 10 9 promastigote cells from each cell line were resuspended in 0.5 ml of M199 media supplemented with FBS. The cultures were labeled with 7 Ci of Hepes-neutralized [ 75 Se]selenite in the presence of 100 g/ml of cysteine at 22°C for 12 h. After labeling, the cultures were pelleted and washed with PBS. The resulting pellet was resuspended in sample buffer and heated to 100°C for 10 min. Finally, the labeled proteins (ϳ10 9 cell eq) were analyzed on 12% SDS-PAGE gel and visualized with the help of a Phosphor-Imager (Fujifilm).
Results
Sequence Analysis and Phylogeny-Multiple sequence alignment of the kinetoplastid SepSecS homologs with representative sequences from other eukaryotes (such as human, mouse, and plasmodium) and archaea (Fig. 2) suggests the complete conservation of all the three active site arginines and Schiffbase forming lysine. Other PLP binding residues are all conserved or conservatively substituted. Like human and mouse SepSecS sequences, Trypanosoma cruzi SepSecS also contains an autoantigenic insertion at its C terminus. The catalytic and PLP binding residues were mapped based on the structural comparison study of eukaryotic and archaeal SepSecS (8) . Interestingly, Leishmania braziliensis SepSecS contains a long N-terminal insertion absent in all other kinetoplastid and eukaryotic sequences. Subcellular localization prediction using MitoProtII (33) , WoLF PSORT (34), suggest a clear mitochondrial targeting signal peptide in L. braziliensis (Fig. 2) . Eukaryote-specific insertion sequence (INS2 in Fig. 2) is also highly conserved within the Leishmania species. This insertion is longer in all Plasmodium species. Within the kinetoplastid sequences, Leishmania species has certain insertion regions (INS1 in Fig. 2 ) that are absent in Trypanosomes. These Leishmania-specific sequence insertions are closer to the PLP binding residues. However, it would be interesting to see whether they are structurally any closer to the PLP binding site and the enzyme active site. Among the PLP binding residues other than the Schiff-base lysine, H166A and N247A mutations (archaea) have been shown to yield partially active enzymes (8) . Although Asn 247 (archaea) is strictly conserved in Leishmania; Asn 339 , His 166 is substituted as Gln 223 . Based on the structural comparison of archaeal, eukaryotic SepSecS with other Fold type I PLP binding enzymes, it was argued that a strictly conserved archaeal Pro 169 , which is substituted by Cys 175 (human), is an important site for mutagenesis to verify the participation of Cys 175 in the formation of perselenide intermediate (8) in eukaryotes. Although, in archaeal SepSecS a conserved cysteine is in the active site, in human Cys 175 , which is conserved within eukaryotes and is within 6-Å radius closer to the PLP binding site was thought to be a probable site for mutation to verify its participation in active site formation (8) . However, in kinetoplastids, this residue is mutated to Ala 226 by natural selection to result in an active enzyme debarring the participation of Cys 175 in active site formation in human. It can be argued to look for the next sequentially closer cysteine in active site formation. In LdSepSecS, Cys 229 (which is a Ser 178 in human), which is sequentially and structurally closer to Ala 226 is 14-Å distance from the active site lysine. This further confirms the fact that unlike archaeal SepSecS enzymes, which contain one active site cysteine to employ a perselenide formation mechanism, eukaryotes do not employ perselenide mechanism.
A comprehensive multiple sequence alignment of homologs from all domains of life (metazoa, amoebozoa, kinetoplastida, plasmodia, archaea, viridiplantae, algae, and worm) is used for phylogenetic analysis. MEGA v5 (24) is used for generation and analysis of the phylogenetic tree. A neighbor joining bootstrap tree of the SepSecS sequences ( Fig. 3) clearly shows that the kinetoplastid SepSecS enzymes are phylogenetically closer to worm SepSecS, whereas the metazoan enzymes are closer to fly and plant SepSecS enzymes. The Plasmodium and L. braziliensis SepSecS could not be retrieved by a simple BLAST search in the EupathDB database (35, 36) using the human SepSecS query sequence. Although, Plasmodium homologs are retrieved by a specific BLAST search in PlasmoDB database, the L. braziliensis SepSecS is retrieved by orthology to other Leishmania species. Hence, the fast evolving Plasmodium SepSecS enzymes have a longer branch length than their eukaryotic counterparts ( Fig. 3) .
Structural Modeling and Comparison-To date crystal structures of SepSecS from human, mouse, and archaea are known. Among the three, the crystal structure of human SepSecS is closer to LdSepSecS. Hence, a structural model of LdSepSecS was built using human SepSecS (Protein Data Bank code 3HL2) as the template using MODELLER version 9.0 (25) . The model was energy minimized using the AMBER96 force field in GROMACS (26) . The quality of the model was then verified using PROCHECK at the PDBSUM web server (27) . Structural comparison of the LdSepSecS model with the human homolog using DALI (37) resulted in a best structural superposition with a Z-score of 49.8 and root mean square deviation of 0.6 Å. The structure-based sequence identity for the superposition of 443 amino acids was 43% between LdSepSecS and the human homolog.
The three-dimensional structural comparison of the human and Leishmania SepSecS monomers with the tRNA (Fig. 4A) shows the conservation of the active site arginines (LdSepSecS: Arg 75 , Arg 97 , and Arg 400 ) and the PLP binding Schiff-base forming Lys 371 . The phosphoserine binding P-loop is also structurally conserved between the human and Leishmania enzymes. tRNA sec is anchored by a key interaction between the discriminator base and Arg 398 in human SepSecS. A mutation of this Arg 398 to alanine or glutamate has been shown to make the enzyme inactive (4). This catalytically important arginine is conserved as Arg 527 in LdSepSecS. To further investigate the mode of multimer formation, the monomeric LdSepSecS model was submitted to the SymmDock server (38) for tetramer generation. The LdSepSecS tetramer (Fig. 4B) was then compared with the human SepSecS tetramer (Fig. 4C ) structure (Protein Data Bank code 3HL2) bound to tRNA sec . Although, the binding of tRNA sec induces a conformational change at the active site of the human enzyme, the dimer inter-face of the human and Leishmania enzymes seem quite different (Fig. 4, B and C) . Although in human, two active sites are formed at the dimer interface (Fig. 4C ) by the interaction of two monomer units, in case of Leishmania, the interaction of monomer units are predicted to result in a single active site at the dimer interface (Fig. 4B ). The tetramer interface in the human enzyme is formed by interactions between the N-terminal Selenocysteinyl-tRNA Synthase of L. donovani ␣1-loop-␣2 motif (8) . However, in Leishmania, there is an N-terminal extension that protrudes away from the monomer structure and does not participate essentially in tetramer formation. Thus, although the human and the Leishmania homologs are structurally highly similar but their monomer association modes leading to tetramerization seem different. Although the huge insertions in the Leishmania homolog might account for this varied association modes of the monomers, it would be worth investigating if tRNA sec binding brings these conformational changes to the Leishmania tetramer.
Overexpression and Purification of Leishmania Selenocysteinyl-tRNA Synthase-The LdSepSecS gene coding sequence was cloned into the bacterial expression vector pET30a. Histidinetagged fusion protein with an estimated molecular mass of ϳ70 kDa was induced; the size was correlated with the amino acid composition of the LdSepSecS protein (ϳ64 kDa) with a His 6 tag (ϳ6 kDa) at the N terminus (Fig. 5A ). Purification of LdSep-SecS by metal affinity chromatography yielded ϳ1 mg of purified protein/liter of bacterial culture. As expected, the recombinant protein (rLdSepSecS) was recognized by anti-His tag (Fig. 5B ). To further characterize rLdSep-SecS, the purified protein was analyzed by MALDI-TOF/TOF mass spectroscopy (data not shown). The spectrum of the protein analyzed by BioTools version 2.2 showed intensity coverage of 60% for the SLA/LP autoantigen-like protein (L. infantum JPCM5). A sequence search analysis by a Mascot search revealed a top score of 217 with SLA/LP autoantigen-like protein of Leishmania spp. with accession number gi 146078497 (data not shown).
Human and archaeal SepSecS homologs are known to exist as tetramers. It has been reported that two homo-dimers associate into a tetramer through interactions between the N-terminal ␣1-loop-␣2 motifs (4, 9) . Glutaraldehyde cross-linking studies demonstrated that the rLdSepSecS protein exists as a tetramer in solution as a band of ϳ280 kDa appeared on resolving the cross-linked protein on a SDS-PAGE gel (Fig. 5C ). As reported in the case of human and archaeal homologs, LdSep-SecS was observed to associate as a dimer at 140 kDa, which was Selenocysteinyl-tRNA Synthase of L. donovani JANUARY 15, 2016 • VOLUME 291 • NUMBER 3
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further associated to form a tetramer at 280 kDa (Fig. 5C, lane  2) .
LdSepSecS Rescues Selenoprotein Biosynthesis in an E. coli ⌬selA Deletion Strain-E. coli produces the selenium-dependent formate dehydrogenase H (FDH H ) enzyme when grown under anaerobic conditions. Active FDH H can use formate to reduce benzyl viologen, which results in blue/purple colored colonies (7) . Selenoprotein production is abolished in the E. coli ⌬selA deletion strain JS1. Complementation of the JS1 strain with archaeal SepSecS and PSTK genes from M. jannaschii (MJ0610) has been reported to restore selenoprotein biosynthesis, as detected by FDH H activity (10) . Transformants grown anaerobically were layered with top agar containing formate and benzyl viologen. Complementation of the ⌬selA deletion was observed when strain JS1 was either co-transformed with the MjPSTK and MjSepSecS genes or with MjPSTK and LdSep-SecS genes (Fig. 5D ). Transformation of the LdSepSecS gene alone did not restore FDH H activity in the E. coli JS1 strain (Fig.  5D ). This data implies that MjPSTK phosphorylates the endogenous seryl-tRNA Sec to O-phosphoseryl-tRNA Sec and then this tRNA species is converted to Sec-tRNA Sec by LdSepSecS. Thus, the Leishmania SepSecS enzyme was found to be active in E. coli. Subcellular Localization of LdSepSecS-To ascertain the localization of SepSecS in L. donovani, immunofluorescence analysis was carried out with log phase promastigotes stained with anti-LdSepSecS antibody, MitoTracker Red, and DAPI. In silico analysis led to the detection of a mitochondrial targeting signal peptide only in L. braziliensis. Hence, the LbrSepSecS appears to be a mitochondrial targeting protein. Although all other Leishmania species (including L. donovani) do not carry a detectable signal peptide. Analysis by confocal microscopy revealed that LdSepSecS is predominantly localized in the cytoplasm of the parasite (Fig. 6) . No substantial co-localization was found with MitoTracker Red, which specifically stains the mitochondria. Controls performed with mouse preimmune sera, non-permeabilized cells, and secondary antibody alone showed no detectable signal (data not shown).
Gene Deletion Studies of Selenocysteinyl-tRNA Synthase in L. donovani-To determine the essentiality and function of LdSepSecS in the life cycle of the parasite, targeted gene replacement strategy was used to replace both alleles of this gene with cassettes harboring drug-resistance marker genes. This was achieved by generation of inactivation cassettes having hygromycin phosphotransferase (HYG) or neomycin phosphotransferase (NEO) as selection markers along with 5Ј-UTR and 3Ј-UTR of the SepSecS gene, as described under "Experimental Procedures." Linear replacement cassettes made by PCR-based fusion were transfected into wild-type L. donovani promastigotes, leading to generation of heterozygous parasites (SepSecS/ HYG and SepSecS/NEO). Replacement of a single copy of the LdSepSecS gene was confirmed by PCR-based analysis by using primers external to the transfected inactivation cassette (data not shown). The heterozygous parasites were subsequently transfected with the other cassette to replace the second copy of the gene. PCR analysis demonstrated that cells selected on the double antibiotic medium showed 1.0-and 1.2-kb bands in the case of the HYG cassette, 1.0-and 1.3-kb bands in the case of NEO cassette (Fig. 7, A and B) . No bands corresponding to the WT gene (1.38-and 1.34-kb) were obtained in this case (Fig. 7,  A and B) . This confirmed that both alleles of the WT LdSepSecS gene had been replaced in these homozygous null mutant parasites (⌬SepSecS).
The genotype of the heterozygous (SepSecS/HYG and Sep-SecS/NEO) and homozygous (⌬SepSecS) null mutant parasites was further confirmed by Southern blot analysis. Genomic DNA from WT and mutant parasites was digested with the XhoI restriction enzyme. In the WT cells, digestion of the LdSepSecS gene locus with XhoI was expected to yield a 1.5-kb band after probing with the 3Ј-UTR of the LdSepSecS gene (Fig.  7C) . Integration of the HYG or NEO cassette in single transfectants was expected to yield 5.7-and 5.5-kb 3Ј-UTR hybridizing bands, respectively, in addition to the 1.5-kb wild-type band (Fig. 7C ). In the case of ⌬SepSecS parasites, absence of the 1.5-kb wild-type band confirmed complete inactivation of the SepSecS gene in these null mutant parasites (Fig. 7C) .
rLdSepSecS was used to raise polyclonal antibody in Swiss mice. The Western blot analysis with polyclonal antiserum to rLdSepSecS recognized a single specific band of 64 kDa in L. donovani whole cell lysate (Fig. 7D, lane 3) . Western blot analysis also confirmed generation of the LdSepSecS mutant parasites. A band corresponding to the LdSepSecS protein at ϳ64 kDa was obtained in case of WT and add-back line ⌬SepSecS/ϩ, whereas no band could be detected in the ⌬SepSecS parasites with anti-LdSepSecS polyclonal antibody (Fig. 7D) . The band corresponding to the recombinant LdSep-SecS protein (ϳ70 kDa) was used as a control (Fig. 7D) .
To analyze the growth pattern of genetically manipulated promastigote cell lines, cell counting was performed using a hemocytometer for a period of 7 days after an interval of 24 h. Absence of SepSecS in the parasite marginally and insignificantly impaired ⌬SepSecS promastigote growth rate compared with the WT parasites (Fig. 7E) . The heterozygous null mutant parasites proliferated at a similar rate as that of the wild-type promastigotes (data not shown). To ascertain whether a genetic deficiency of SepSecS in L. donovani may have an impact on its ability to infect host cells, the infectivity assay with stationaryphase promastigotes was performed in J774.A1 murine macrophages. ⌬SepSecS parasites were observed to be capable of infecting and sustaining robust infection in murine macrophages at levels comparable with those obtained with wild-type parasites (Fig. 7F) .
75 Selenium Incorporation into Leishmania Proteins-To test whether selenium is incorporated into Leishmania proteins by selenocysteinyl-tRNA synthase, promastigotes were subjected 
Selenocysteinyl-tRNA Synthase of L. donovani
to metabolic labeling with 75 Se. Subsequently, the cell extracts from various cell lines were separated on a polyacrylamide gel and the 75 Se profile was visualized using a PhosphorImager. A major 75 Se-containing low molecular weight band was detected at the bottom of the gel (Fig. 8 ). This band corresponded to the predicted molecular mass of SelK (ϳ9.5 kDa) ( Fig. 8) . A second band detected around ϳ25 kDa appeared to represent SelT (Fig. 8A ). However, very long exposure (20 days) to a Phospho-rImager screen revealed a faint high molecular mass band that migrated in accordance with the predicted molecular mass of SelTryp, ϳ89 kDa (12) (Fig. 8B) . 75 Se-containing bands corresponding to the three selenoproteins were absent in the cell lysate of ⌬SepSecS null mutant parasites but were identified in the case of the add-back line ⌬SepSecS/ϩ. Metabolic labeling of Leishmania cells with 75 Se revealed specific incorporation of this radioisotope into a defined set of proteins.
Auranofin Treatment of Wild-type and ⌬SepSecS Null Mutants-Auranofin has been reported to interfere with selenium metabolism and inhibit selenoprotein synthesis by formation of an auranofin-selenide adduct (39, 40) . Trypanosoma brucei cells have been found to be sensitive to nanomolar concentrations of auranofin (12) . Based on these observations, it was proposed that selenoprotein synthesis might be a novel target for development of an anti-parasitic drug in trypanosomes (12) . However, auranofin is known to interact with both selenol and thiol groups (41) . To test this conjecture and elucidate its action, the effect of auranofin was determined in wildtype and ⌬SepSecS null mutant promastigotes. Auranofin was FIGURE 7 . A, restriction map of the LdSepSecS genomic locus and location of the primers used for confirmation by PCR-based analysis along with the expected band sizes. Primer 4 was designed as a forward primer to match the upstream region of the LdSepSecS gene and primers 8, 3, and 6 were designed internal to SepSecS, HYG, and NEO coding regions, respectively. Primer 2 was designed as a reverse primer to match the downstream region of the LdSepSecS gene and primers 7, 1, and 5 were designed as forward primers, internal to SepSecS, HYG, and NEO coding regions, respectively. B, genomic DNA from ⌬SepSecS parasites was used as a template for PCR analysis. The specific integration of the replacement cassette was checked with HYG, NEO, and LdSepSecS (WT) gene-specific primers. M indicates the molecular size marker in kb. C, Southern blot analysis of wild-type Bob (WT), single transfectants SepSecS/NEO, SepSecS/HYG, and ⌬SepSecS null mutant parasites. Genomic DNA was digested with XhoI, separated on a 0.6% agarose gel and probed with the 3Ј-UTR of the LdSepSecS gene. Molecular weight markers are indicated to the right of the blot. D, immunoblotting analysis of the promastigote cell lysates of WT, ⌬SepSecS, and add-back ⌬SepSecS/ϩ parasites. Recombinant LdSepSecS protein was used as a control. E, growth curve of L. donovani wild-type (WT), null mutant (⌬SepSecS), and add-back mutant (SepSecS/ϩ) promastigotes in M199 media. The experiment was repeated three times independently in triplicate. The representative data from one experiment is shown. F, comparison of infectivity of L. donovani wild-type (WT), null mutant (⌬SepSecS), and add-back mutant (SepSecS/ϩ) parasites in the J774A.1 murine macrophage cell line. Murine macrophage cell line J774A.1 was infected with stationary-phase promastigotes at an multiplicity of infection of 20:1. Cells were stained after 24 h and amastigotes enumerated visually. The results represent mean Ϯ S.D. with n ϭ 3.
found to cause growth inhibition of both the wild-type and null mutant promastigotes (Fig. 9A) ; thereby suggesting its effect here is not through binding to selenoproteins. Effect of auranofin on amastigotes of wild-type and ⌬SepSecS null mutant was also determined and no difference in susceptibility of these cell lines to auranofin was observed ( Fig. 9C ). Taken together, this data indicates that auranofin does not inhibit selenoproteins in L. donovani. Similar results have been reported for T. brucei, wherein the same sensitivity toward auranofin was observed in both the WT and SepSecS null mutant procyclic and bloodstream forms (42) .
To verify the potential redox functions of selenoproteins, the effect of H 2 O 2 -induced oxidative stress conditions were assessed on L. donovani WT and mutant promastigotes. Increasing the concentration of H 2 O 2 had an inhibitory effect on the survival of WT as well as null mutant promastigotes at levels that were comparable (Fig. 9B ). This result indicates that selenoproteins do not confer protection against added H 2 O 2induced oxidative stress conditions.
Discussion
The presence of the machinery required for selenocysteine incorporation into proteins has been reported in Trypanosomes (10 -13) . Selenocysteine synthase or O-phosphoseryl-tRNA:SepSecS in eukaryotes and archaea is the terminal enzyme of this pathway that converts O-phosphoseryl-tRNA Sec into Sec-tRNA Sec using selenophosphate as the selenium donor compound (8) .
In the present study, we for the first time report the characterization of selenocysteinyl-tRNA synthase from L. donovani. The ORF of L. donovani selenocysteinyl-tRNA synthase (LdSepSecS) encodes a polypeptide of 595 amino acids. As is the case in mammals and archaea (4, 8, 9) , LdSepSecS was also found to exist as a tetramer. Leishmania SepSecS enzyme was found to be active and able to complement ⌬selA deletion in the E. coli JS1 strain. However, this complementation could only be achieved in the presence of an archaeal PSTK, indicating the conserved nature of the PSTK-SepSecS pathway of Sec-tRNA Sec formation in archaea and eukaryotes. LdSepSecS was found to localize in the cytoplasm of the parasite. Expression of FIGURE 8 . Selenoprotein expression in L. donovani WT and genetically manipulated parasites. Expression was analyzed by 75 Se labeling of promastigote cells and subsequent analysis of the labeled proteins on a 12% SDS-PAGE gel. The gel was stained with Coomassie Blue, dried, and exposed to a PhosphorImager screen. A, short-term exposure; B, long-term exposure. Bands pertaining to selenoproteins were visualized using a PhosphorImager. The putative identity of the 3 labeled selenoproteins and their molecular mass as predicted in silico are indicated in the middle. Molecular mass markers are indicated on the right. Segment of the tubulin-␣ region (50 kDa) of the corresponding Coomassie-stained gels are shown as loading controls. LdSepSecS was found to be higher in early log phase promastigotes and the protein could not be detected in stationary phase parasites (data not shown). The absence of the protein in the stationary phase may be attributed to the process of metacyclogenesis, during which a lower amount of total protein content associated with a decrease in protein synthesis has been previously reported (43) .
An attempt to disrupt LdSepSecS from the genome of the parasite was successful and did not lead to any significant difference in the phenotype of the mutants when compared with the wild-type parasites. Similar results have been previously reported in case of T. brucei, where the pathway for selenocysteine insertion was found to be dispensable (10, 42) .
Our 75 Se labeling study demonstrates the presence of three selenoproteins corresponding to the kinetoplastid homologs of SelK (9.5 kDa), SelT (28.8 kDa), and SelTryp (89 kDa), respectively ( Fig. 8) . 75 Se labeling studies carried out with wild-type and LdSepSecS null mutants helped in ascertaining a role for LdSepSecS in selenoprotein synthesis in Leishmania as no selenoproteins could be detected in the lysate of the null mutant parasites. This is consistent with earlier studies in Trypanosome where the presence of the three selenoproteins corresponding to the predicted molecular masses of the kinetoplastid homologs, SelK (9.5 kDa), SelT (28.8 kDa), and SelTryp (89 kDa) have been reported (10, 12) . Cassago et al. (11) had earlier reported that the genes for glutathione peroxidase, selenoprotein R and selenoprotein SPS2 homologues in Leishmania have evolved into nonselenium-containing proteins.
The three selenoproteins have been reported to contain putative redox centers (CXXU in the case of SelT, SelTryp, and CXXXU in SelK) and it was suggested that impairment of their function in maintaining redox balance may influence kinetoplastid infections (12) . However, comparison of the infectivity profile of the WT and LdSepSecS null mutant parasites and their susceptibility to H 2 O 2 established that there is no such significant contribution of these selenoproteins to redox homeostasis having a plausible consequence in influencing infection in J774.A1 macrophages. These results are similar to those obtained in T. brucei, where both the WT and SepSecS knockout cell line had similar sensitivity to H 2 O 2 -induced oxidative stress (42) . Function of these three selenoproteins in Leishmania needs to be experimentally deciphered.
Auranofin is a FDA approved anti-rheumatic drug found to be effective against Entamoeba histolytica, Mycobacterium tuberculosis, and many Gram-positive pathogens (44, 45) . To unveil the mechanism of action of auranofin in Leishmania, its sensitivity was assessed in both WT and SepSecS null mutants. No difference was observed in sensitivity toward auranofin in both WT and SepSecS null mutants. This suggests that the leishmanicidal action of auranofin is not due to inactivation of selenoproteins. Auranofin has been reported to interact with both selenol and thiol groups (41) . Earlier reports on the x-ray crystal structure of the auranofin⅐trypanothione reductase⅐ NADPH complex shows that auranofin appears to inhibits L. infantum trypanothione reductase with a dual mechanism by blocking both binding and reduction of oxidized trypanothione (46) .
Our results indicate that Leishmania utilizes the SepSecS enzyme to make three selenoproteins. However, absence of this enzyme in the parasite does not confer it with any altered phenotype as assessed in vitro under standard laboratory conditions. The selenocysteine insertion mechanism appears to be dispensable for the parasite but this raises the question that if it has not been lost during the course of evolution, then it definitely is required at some juncture in the life cycle of the parasite. Selenoproteins are probably required at specific time points and perform functions that are still ambiguous. The manifestation of these functions in the amastigote stage also cannot be concluded as the parasites lacking SepSecS were able to competently infect and survive in host macrophages akin to their wild-type counterparts.
In conclusion, Leishmania encodes an active selenocysteinyl-tRNA synthase that helps in inserting selenocysteine into at least three selenoproteins. The selenocysteine incorporation pathway in Leishmania appears to be conserved and requires PSTK enzyme as in the case of other eukaryotes and archaea. Although selenoproteins are dispensable for the survival of the parasite under standard growth conditions, their presence and the conservation of the enzyme involved in selenocysteine incorporation during evolution point to their specific roles that await experimental studies and validation. 
